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Abstract 

The goal of this study is to investigate the corrosion inhibition characteristics of triglycidyloxy 

tripropylamine triazine (TGTPAT) on E24 steel in a 1 M hydrochloric acid medium. We used 

electrochemical methods (polarization curves and electrochemical impedance spectroscopy) to 

carry out this investigation. The polarization curves demonstrate that the TGTPAT mixed-type 

inhibitor has an inhibition effectiveness (IE%) of 92.11% at a dose of 10–3 M. The 

electrochemical impedance diagrams for all tested TGTPAT concentrations show that the 

inhibition occurs via a charge transfer mechanism on a heterogeneous surface; the IE% was 

90.19 at 10–3 M, which was consistent with the results of dynamic polarization. The inhibitor 

adsorption on the metal surface was of the Langmuir type, with a negative Gads value indicating 

that the adsorbed layer on the metal surface is stable. Furthermore, the Gads approach value of 

40 kJ/mol relates to charge transfer between TGTPAT inhibitor molecules and the metal surface 

E24 (chemisorption), resulting in the formation of covalent or coordination bonds. SEM/EDX 

analysis: after 20 hours of immersion in the corrosive solution with an inhibitor, it was 

confirmed that the surface of the metal was protected and homogeneous. Peaks of iron, oxygen, 

and carbon are also visible, indicating the presence of the inhibitor’s components on the surface. 

An investigation into the effect of increasing temperature revealed that as temperature rises, so 

does the corrosion current density, resulting in a decrease in inhibitor efficiency. Quantum 

chemical calculations of TGTPAT corrosion inhibitors were performed to investigate the effect 

of molecular structure on inhibition efficiency. 
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1. Introduction 

Polyepoxide resins are currently commonly utilized as corrosion inhibitors to prevent E24 

steel from corroding in hydrochloric acid [1–3]. The polyepoxide resins (TGTPAT) contain 

aromatic rings and heteroatoms (S, N, and O). They are commonly referred to as corrosion 

inhibitors [4–6]. These can transfer electrons to the metal’s surface, occupying unoccupied 

orbitals and forming covalent connections. The efficiency of heteroatoms in adsorption 

processes changes in the following manner: S > N > O. Carbon steel is more extensively 

employed in the industry because of its inexpensive cost [7]. 

In industry, hydrochloric acid is frequently used for stripping and cleaning [8]. Because 

of this acidic solution’s aggression, corrosion inhibitors are used to slow down the pace at 

which metals corrode [8]. The primary causes of polymer inhibitor adsorption include the 

interactions between the inhibitors’ macromolecular structure and the metal surface, as well 

as the physicochemical characteristics of the polymer associated with its functional group 

[9, 10]. This suggests that the protective film is forming more firmly [11]. The application 

of density functional theory (DFT) to inhibitors for polyepoxide resins confirms the 

inhibition mechanism, that works with this type of inhibitor [12]. 

This research aims to assess the performance of triglycidyloxy tripropylamine triazine 

(TGTPAT) on E24 steel in 1 M hydrochloric acid medium. Epoxy resin was made in our 

laboratory as a corrosion inhibitor for E24 steel in 1 M hydrochloric acid [12]. The 

interaction between the inhibitory matrix and metallic surface is studied using several 

approaches, including gravimetric and electrochemical (stationary and transient) [12]. 

Finally, molecular dynamics simulations support the experimental findings. 

2. Material and Methods 

2.1. Preparation of metal and corrosive medium 

Table 1 lists the chemical composition of the metal used in this investigation, E24. The 

specimens were chosen to have a 10 mm2 circular surface area. Before each test, the 

specimen was polished with grade 600, 1200, and 1500 sandpapers, cleaned with distilled 

water and alcohol, and then air dried. 

Table 1. Chemical composition of the metal used E24. 

C% Si% P% S% Ti% Co % Cr% Mn% Fe% 

0.11 0.24 0.021 0.16 0.011 0.009 0.077 0.47 99.046 

The corrosive medium is a 1 M HCl solution produced from distilled water and a 

commercial hydrochloric acid solution (37%). The TGTPAT inhibitor doses used varied 

from 5·10–2 to 10–3 M. 
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2.2. Synthesis of triglycidyloxy tripropylamine triazine  

The novel trifunctional polyepoxide resin, namely triglycidyloxy tripropylamine triazine 

(TGTPAT), was synthetized using condensation reaction according to procedures reported 

in several publications [13, 14]. In the first step, we condensed 4.864·10–3 mol of propanol 

amine (purity of 97%) with 3.201·10–3 mol of 2,4,6-trichloro-1,3,5-triazine (purity of 98%) 

by using ethanol as solvent under magnetic stirring at 80°C for 24 hours. In the second step, 

we added 5.854·10–3 mol of epichlorohydrin (purity of 99%) to the reaction mixture under 

magnetic stirring at 65°C for 4 hours. In addition, we added 7.867·10–3 mol of triethylamine 

(purity of 99,5%) under magnetic stirring at 40°C for 3 hours (Scheme 1). Besides, the excess 

of ethanol was eliminated by using the rotary evaporator. 

 
Scheme 1. Synthesis of TGTPAT. 

2.3. Electrochemical measurements 

The electrochemical examination was carried out with the help of a Volta Master software-

driven potentiostat PGZ 100. For the studies, a three-electrode cell with a carbon steel (E24) 

working electrode, a saturated calomel reference electrode, and a platinum (Pt) electrode 

functioning as a counter was utilized. The working electrode was immersed in a corrosive 
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solution for 60 minutes in a quasi-stationary state at an open circuit potential prior to any 

electrochemical analysis. Polarization curves between −800 and −100 mV were produced 

using a scanning rate of 1 mV/sec around an open-circuit potential. Electrochemical 

impedance spectroscopy graphs were acquired from 10·104 Hz to 10·10–3 Hz. The inhibitory 

effectiveness (IE%) for polarization curves was calculated using the equation [15]:  
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where i0 is the corrosion current densities uninhibited and iin is corrosion current densities 

inhibited with various concentrations of TGTPAT. The equation below [16] was used to 

calculate the inhibition efficiency IE% from electrochemical impedance spectroscopy (EIS) 

plots.  
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where in
pR  and 0

pR  indicate the polarization resistance inhibited, and polarization resistance 

uninhibited with diverse concentrations of TGTPAT, respectively. 

2.4. Scanning electron microscopy/Energy Dispersive X-ray Analysis 

SEM (scanning electron microscopy) allows for the selection of surfaces to be analyzed 

based on many microstructural parameters. The micrograph of the E24 surface was 

investigated after 20 hours of immersion in the acid media without and with TGTPAT, and 

the chemical composition was characterized by an analysis of Energy Dispersive X-ray [17]. 

2.5. Computational details 

2.5.1. DFT modeling 

Density Functional Theory (DFT) method was used in this work to predict the structural and 

global reactivity of the neutral form of TGTPAT (Figure 1). The optimizing the geometrical 

structure of the title molecule was done by Becks three-parameter exchange functional B3 

with Lee–Yang–Parr (B3LYP) level at 6-311++G(d,p) basis set in a gas phase [19, 20]. DFT 

calculations were performed using Gaussian 09 program package [21]. The DFT calculations 

was carried out in an aqueous phase by the self-consistent-field (SCRF) theory based on the 

integral equation formalism variant (IEF-PCM) method [22]. The validity of employing the 

IEF-PCM method to study the solvent effect in research related to corrosion inhibitors has 

been demonstrated in the literature [23, 24]. The DFT study has been used for analyzes of 

Frontier Molecular Orbitals (FMOs), Molecular Electrostatic Potential (MEP), Mulliken 

charge distribution, and electronic descriptors including the energies of highest occupied, 

lowest unoccupied molecular orbital (EHOMO and ELUMO), the frontier orbital energy gap 

(Egap), the electron affinity (A), the ionization potential (I), the dipole moment (μ), the 

electronegativity (χ), the chemical potential (η), the chemical hardness (η), the softness (Ѕ), 
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the electrophilicity index (ω), the nucleophilicity index (ε), the fraction of transferred 

electrons (ΔN) and metal/inhibitor interaction energy (Δψ) were calculated according to Eqs. 

(3–12) as reported in the literature [25, 26]: 

 A = −ELUMO (3) 

 I = −EHOMO (4) 

 Egap =  ELUMO−EHOMO (5) 
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Figure 1. Chemical structure of TGTPAT. 
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2.5.2. Molecular dynamics (MD) and Monte Carlo (MC) simulations approach 

To study the nature of the interaction between the TGTPAT and Fe-substrate, we used the 

Metropolis Monte Carlo (MC) and molecular dynamics (MD) methodology [27, 28] 

implemented using the Material Studio 8.0 software from the BIOVIA company [11]. For 

running MC/MD simulations of the interaction between the TGTPAT molecule of neutral 

form and E24-surface were carried out with a E24 supercell of size (14×14) and a vacuum 

slab with (6.0 nm) thickness in a simulation box (3.4 nm × 3.4 nm × 6.8 nm) with periodic 

boundary conditions to simulate the current effective part of the Fe-substrate, without any 

arbitrary boundary effects [29]. The aqueous phase has been examined in this simulation 

using water molecules (500H2O), along with corrosive species, namely corrosive 

hydroniums (6H3O
+) and chloride ions (6Cl–), as well as the title compound, with each metal 

surface to approximate the real condition. The MC/MD calculations were performed using 

the COMPASS Force Field [30] to optimize the structures of all system components (metal 

surface/inhibitor/corrosive species). The “Ewald” and “atom-based” summation methods 

were applied for the “Electrostatic” and “van der Waals” non-bonding interactions 

respectively [31]. Furthermore, MC calculations were performed using five cycles (15000 

steps each cycle) of simulated annealing at 293 K. Furthermore, MD was achieved using an 

NVT canonical ensemble at 293 K, 1 fs time step, and 400 picoseconds simulation period. 

This study was used to find low-energy adsorption sites to study the optimal adsorption of a 

single inhibitor molecule on the E24 surface, aiming to discover the relationship between 

the effect of its molecular structure and its inhibition efficiency. 

3. Results and Discussion 

3.1. FTIR analysis  

Triglycidyloxy tripropylamine triazine (TGTPAT) polyepoxide resin synthesized was 

identified through using the Fourier transform infrared (FTIR) to determine and identified 

the varying functional groups. Furthermore, the different bands of FTIR are displayed 

follows: 3341 cm–1 was corresponding to the stretching vibrations of the amine function 

(−NH). Besides, the absorption band situated at 2930 cm–1 was attributed to the stretching 

vibration of aliphatic methylene group. Furthermore, the absorption band located at 

1467 cm–1 was corresponding to the C=N of heterocyclic compound. Also, the absorption 

band appeared at 1084  cm–1 can be attributed to the unsymmetrical stretching vibration of 

the C−O−C ether function. In addition, the presence of the epoxide oxiran was indicated by 

the characteristic absorption band at 830 cm–1. 
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Figure 2. FTIR of TGTPAT. 

3.2. Electrochemical measurements 

3.2.1. Evolution of the free potential as a function of time 

Monitoring the free potential as a function of time, or open circuit potential, will assist in 

comprehending the behavior of a material in contact with a humid, corrosive environment 

[18]. It provides information on the preliminary changes as well as the nature of the activities 

that are taking place at the metal/electrolyte interface. 

Initially, the OCP versus time curves become parallel to time (Figure 3), indicating that 

the oxide layer accumulated on the surface of the metal E24 has been removed and that, in 

the inhibited cases, the adsorption of the TGTPAT inhibitor molecules has been obtained in 

an immersion time of nearly 0.33 h. On careful examination, it can be seen that, compared 

to the uninhibited case, in the inhibited cases, the OCP curves versus time at some selected 

concentrations (0.05 mM and 0.1 mM) shifted towards positive values (anodic), while at 

other concentrations (0.5 mM and 1 mM), the curves moved towards negative values 

(cathodic).The shift of the OCP curves versus time in the positive direction indicates that 

TGTPAT at these selected concentrations act as an anodic type of this inhibitor and that it 

adsorbs to the anodic sites of the carbon steel, retarding or slowing its anodic dissolution. 

While the negative shift of the OCP curves versus time indicates that the TGTPAT inhibitor 

at these chosen concentrations behaved as a cathodic type, then the TGTPAT molecules 

adsorb to the cathodic sites and make the release process difficult for hydrogen. These 

observations suggest that TGTPAT acts as a mixed-type inhibitor [19]. 
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Figure 3. Evolution of the free potential as a function of immersion time for E24 steel in 1 M 

HCl solution at different concentrations of TGTPAT at 293K. 

3.2.2. Potentiodynamic polarization measurements 

Figure 3 depicts the polarization curves, and Table 2 reports the parameters corresponding 

to the extrapolation of the parameters of Ecorr, icorr, βa, and βc, as well as the inhibitory 

efficiency EI(%) and the rate of carbon steel surface coverage [20]. 

 
Figure 4. Potentiodynamic polarization curves of E24 steel in 1 M HCl in the absence and in 

the presence of different concentrations of TGTPAT at 293K. 
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Figure 4 confirms that the presence of TGTPAT decreases in the anodic and cathodic 

current densities; this can be attributed to the adsorption of the TGTPAT inhibitor molecules 

on the active sites of the E24 surface, which retards both the anodic dissolution of the metal 

and the cathodic discharge of hydrogen, hence the corrosion process is slowing down.  

Table 2 clearly shows that when TGTPAT concentration increases, icorr values fall 

dramatically. The icorr is sufficient for the 1 M (216.8 mA/cm2) HCl solution, but it is reduced 

(17.11 mA/cm2) with 1 mM of TGTPAT. The slope values of Tafel (βa) anodic lines change 

with the addition of TGTPAT, indicating that the inhibitor studied was initially adsorbed on 

the metal surface and obstructed by simply blocking the reaction sites of the metallic surface 

without affecting the anodical reaction mechanism [35]. Furthermore, the (βc) values for 

TGTPAT vary with the addition of TGTTAT, indicating that the mechanism of the hydrogen 

release process is altered in the presence of TGTRAT. The table also shows that inhibitory 

efficacy increases with concentration, and the highest inhibition (92.11%) was observed at 

1 mM. 

Table 2. Electrochemical parameters of E24 steel at various concentrations of TGTPAT in 1 M HCl and 

corresponding inhibition efficiency IE%. 

[TGTPAT] 

(mM) 

Ecorr 

(mV/Ag-AgCl) 

icorr 

(μA/cm2) 

βc 

(mV/dec) 

βa 

(mV/dec) 
EI(%) 

0 –488 216.8 –93.3 86.9  

0.05 –462 40.74 –133 103.4 81.21 

0.1 –456 28.23 –129.6 90.3 86.98 

0.5 –448 23.18 –159.2 73.6 89.31 

1 –437 17.11 –209.4 65.5 92.11 

3.2.3. Electrochemical impedance spectroscopy  

We plotted electrochemical impedance diagrams obtained at different concentrations of the 

inhibitor TGTPAT in a frequency range between 104 Hz and 10·10–3 Hz to better understand 

the corrosion and protection mechanisms that occur on the surface of the steel, which are 

shown in the Nyquist diagram in Figure 5. Table 3 shows the values of the corresponding 

electrochemical parameters and the inhibitory efficiency EI(%), as well as the error 

adjustment factor.  

Initially, we observe that for all inhibitor concentrations ranging from 10–3 M to  

10–5 M, the impedance spectrum consists of a single capacitive loop well centered on the 

real axis, suggesting that the corrosion process has not changed and continues to proceed 

through charge transfer.  

According to the parameters in Table 3 and the impedance diagram (Figure 5), we can 

conclude that, first; the addition of the inhibitor increases the size of the impedance spectrum, 

which has the shape of a semi-circle that is more or less flattened, indicating the formation 
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of a protective layer. Second, the inhibitory effectiveness of the inhibitor, TGTPAT, rises 

with its concentration, peaking at 92.11% at 10–3 M. This demonstrates that this chemical 

has an effective inhibitory impact on the corrosion of E24 steel in 1 M hydrochloric acid 

[36]. 

On the other hand, the decrease in Cdl is caused by the adsorption of the organic 

inhibitor on the surface of E24 steel, which reduces the active surface of the electrode, 

resulting in corrosion protection provided by molecules absorbed on the electrode surface 

through interactions between the electron pairs of the heteroatoms and the steel surface [37]. 

The flattened shape of the capacitive loops is due to the change in frequency dispersion 

caused by the heterogeneity of the electrode surface [21, 38–40], thus we used the equivalent 

electrical circuit depicted in Figure 6 to solve this. This circuit consists of the electrolyte 

resistance (Rs), a constant phase element (CPE) that replaces the double layer capacitance 

(Cdl) to account for the previously mentioned inhomogeneity, and a charge transfer resistance 

(Rct). 

Table 3. Electrochemical Impedance parameters for corrosion of E24 steel in 1 M HCl without and with 

the different concentrations of TGTPAT. 

[TGTPAT] 

(mM) 

Rs 

(Ω·cm2) 

Rct 

(Ω·cm2) 

Cdl 

(µF·cm–2) 
n EI(%)  

0 1.937 38.77 473.59 0.96245   

0.05 1.825 224.6 111.96 0.85827 82.74 0.8274 

0,1 1.721 252.6 99.55 0.84572 84.65 0.8465 

0.5 1.622 334.3 75.22 0.83446 88.40 0.8840 

1 1.721 395.3 63.61 0.79895 90.19 0.9019 
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Figure 5. Nyquist, Bode, and phase angle diagrams for E24 steel in 1 M HCl without and with 

the different concentrations of TGTPAT at 293 K. 

 
Figure 6. Equivalent circuit for E24 in 1 M HCl interface with and without the different 

concentrations of TGTPAT at 293 K. 
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the mechanism of electrochemical reaction may be provided by the adsorption isotherm [21]. 

Our inhibitor (TGTPAT) used in this study obeys the Langmuir isotherm. According 

to the Langmuir isotherm, Ө is linked to the inhibitor concentration Cinh by the following 

equation [22]: 
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where Cinh, Kads, and 0

adsG  are the concentration of TGETPT, the equilibrium constant of 

the adsorption process and free energy of adsorption, respectively. 

The values of the correlation coefficient (R2) are close to Langmuir adsorption isotherm 

one (Figure 7). This indicates that the adsorption of the TGTPAT inhibitor on the surface of 

E24 steel in 1 M HCl medium obeyed the Langmuir adsorption isotherm. 

 
Figure 7. Langmuir adsorption isotherms for E24 in 1 M HCl in the presence of TGTPAT. 

Table 4. Parameters of adsorption of the TGTPAT inhibitor. 

Inhibitor Kads (mol–1·L) R2 0

ads
G  (kJ·mol–1) 

TGTPAT 104 0.9999 –32.22 

The calculated value of 0

adsG  in table 4 is negative, signifying that the adsorbed layer 

on the metal surface is stable. Moreover, the value of 0

adsG  is close to –40 kJ/mol, which 

shows that the charge transfer between the TGTPAT inhibitor molecules and the E24 metal 

surface is chemisorption with the formation of covalent or coordination bonds [23], [24], 

[25]. 
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3.4. Temperature effect 

Temperature influences the stability of an inhibitor in an aggressive environment. 

Temperature increases can enhance inhibitor desorption and lead to the fast breakdown of 

the organic compounds or complexes produced, decreasing the steel's corrosion resistance 

[26]. 

 
Figure 8. Polarization curves of E24 steel in 1 M HCl solution obtained (a) in the Blank and 

(b) at 10−3 M of TGETPT. 

Table 5. Corrosion current density and inhibitory efficiency at different temperatures for 10–3 M of 

TGETPT. 

[TGTAT] 

(M) 
T (°K) 

Ecorr 

(mV/Ag-AgCl) 

icorr 

(μA/cm2) 

βc 

(mV/dec) 

βc 

(mV/dec) 
EI(%) 

0 M 

 

293 –61.65 216.8 –93.3 86.9  

303 –476 234.7 –112.6 60.4  

313 –473 341.7 –85.1 62.1  

323 –466 735.6 –100.8 74.6  

10–3 M 

293 –437 17.11 –209.4 65.5 92.11 

303 –464 33.68 –157.1 92.5 85.65 

313 –479 90.21 –110 106.9 73.60 

323 –485 223.6 –108.1 97.6 69.60 

Table 5 and Figures 8(a) and 8(b) present the findings of the temperature effects 

analysis. These findings indicate that an increase in temperature leads to an increase in 

corrosion speed and, consequently, a decrease in inhibitory efficiency EI(%) for each 

concentration under study. This is especially noticeable for temperatures of 313K and 323K. 
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This is because the temperature factor affects how E24 steel behaves in the acidic HCl 

medium, which in turn affects the metal-inhibitor interaction [46]. As a result, the 

temperature increases, speeding up the steel's dissolution process and causing a partial 

desorption of TGTPAT molecules on the surface of the E24 steel. These findings also 

suggest that the TGTPAT compound has a good effect on corrosion resistance in the 

temperature investigated (293 to 323 K). 

3.5. Surface analysis 

3.5.1. Scanning electron microscope  

Validation of the adsorption of the inhibitor on the surface of E24 was carried out by 

employing scanning electron microscopy (SEM). In this research, scanning electron 

microscopy (SEM) was used to observe the topography of the sample in secondary electron 

imaging.  

After immersion for 24 hours in HCl solution, the sample was subjected to analyses 

with and without the addition of 1 mM TGTPAT. Figure 9 reveals the results of these 

analyses.  

The HCl solution caused severe corrosion of the surface of the working electrode 

(Figure 9.A), leading to the creation of a porous film of oxides, notably Fe2O3 and FeO. 

However, the addition of the inhibitor TGTPAT (Figure 9.B) resulted in the creation of a 

protective layer. This adsorption suppressed the corrosion process and modified its behavior. 

    
Figure 9. SEM image of E24 surface after immersion for 24 h in 1 M HCl without (a) and 

with 10–3 M of TGETPT (b). 

3.5.2.EDX analysis  

The analysis carried out using EDX spectrometry (Figure 10A) revealed the presence of 

characteristic photos corresponding to the constituent elements of iron and oxygen. In the 

presence of MTS (Figure 10B), the EDX spectra showed additional photos associated with 

the formation of a protective film of inhibitors on the surface of the working electrode. From 

then on, the iron and oxygen photos showed reduced intensity compared to the uninhibited 

b a 
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sample. This observation indicates the creation of a protective layer on the surface of the 

E24 alloy. 
 

 

 
Figure 10. EDX of the surface condition of mild steel submerged in 1 M HCl for 24 hours: (a) 

in the absence of inhibitor, (b) in the presence of 10–3 M in TGTPAT. 

3.6. DFT Calculations 

The DFT method has shown to be quite useful in identifying molecule structures, electronic 

properties, and molecular reactivity. The usefulness of this strategy has been boosted by 

amazing advances in supercomputing capabilities [47, 48]. Experimenting with corrosion 

inhibition and discovering its causes can take time and resources. Therefore, DFT-based 

theoretical simulations were used to analyze the interactions between the inhibitor molecules 

and the metal surface, thereby providing essential insights into the inhibition processes 

[49, 50]. 

3.6.1. Optimized structure 

We ran a conformational analysis on compound TGTPAT to find the most stable 

conformations. The most stable conformations were then extensively tuned. Figure 11 

illustrates the optimized molecular structure of TGTPAT, with labels and atoms numbering.  

b 

a 
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Figure 11. Optimized structures of TGTPAT computed calculated by DFT method at 

B3LYP/6-311++G(d,p) levels of theory. 

3.6.2. Frontier molecular orbitals (FMOs) 

In this study, we used the Ab-initio calculations based on DFT at by means of B3LYP/6-

311++G(d,p) level of theory to understand the results of the high inhibition efficiency of 

TGTPAT (E = 92.11%), as well as to evaluate the relationship between this inhibition 

efficiency and molecular structure. The study of frontier molecular orbitals (FMOs) plays an 

important part in understanding chemical reactions and electronic properties. The highest 

occupied molecular orbitals (HOMO) are able to serve as an electron-donating and the 

lowest unoccupied molecular orbitals (LUMO) are able to serve as an electron-accepting 

[50, 51]. The FMOs surfaces of TGTPAT in the neutral forms are shown in Figure 12. The 

orbital distributions HOMO and LUMO are distributed almost over the entire surface of 

TGTPAT. The negative and positive areas are indicated by the red and green colors, 

respectively. As shown in Figure 12, both HOMO and LUMO distributions are firmly 

located over the lone pairs of electrons on the nitrogen (N) and oxygen (O) atoms and C=C 

bonds. This observation suggests that areas of this compound develop the strongest tendency 

to accept and donate electrons, which also makes them a great corrosion inhibitor [52, 53].  

 

 Figure 12. The HOMO-LUMO of neutral form of TGTPAT computed at DFT- B3LYP/6-

311++G(d,p) level of theory. 

HO LUM
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3.6.3. Global reactivity descriptors 

For more information on the inhibitory capacity of the title compound, we used some 

quantum chemical indices of TGTPAT by means of B3LYP/6-311++G(d,p) level of theory. 
The calculated are listed in Table 6. As reported in the literature [23, 24], the analysis of the 

frontier molecular orbitals (EHOMO and ELUMO) it gives important predictions about the 

interactions of corrosion inhibitors onto the metal surface involve donor-acceptor ability and 

during these interactions, EHOMO is related to the electron-donating ability of the inhibitor 

compound and ELUMO is related to the electron-accepting ability of the inhibitor compounds 

from the fulfilled metal orbital (d). Therefore, the highest occupied molecular orbital energy 

(EHOMO) and the lowest unoccupied molecular orbital energy (ELUMO) are associated with 

strong metal-inhibitor bindings and thereby high protective ability [54].From Table 6, the 

results showed that the values of EHOMO and ELUMO of the TGTPAT by using the B3LYP/6-

311++G(d,p) level of theory are –6.331 eV and –0.405 eV, respectively. which indicates 

that our title molecule is an electron donor-acceptor [25]. On the other hand, a lower (∆Egap) 

is related to high chemical reactivity and adsorption ability of the molecule [55]. It is clear 

from the results presented Table 1 that the values of ΔEgap were estimated at about 5.926 eV. 

These results indicate that TGTPAT is very prone to react with the metallic surface using 

two ways of electron transfer (inhibitor to metal and vice versa) [55]. The dipole moment 

(μ) is a very important quantum chemical parameter that resulted from the non-uniformed 

distribution of charges on various atoms in the inhibitor compound. According to the 

literature, a good corrosion inhibitor has a high (μ) value tends to form strong dipole-dipole 

interactions with the metallic surface [56]. In our case, the studied compound is associated 

with the very highest values of dipole moment(μ) as follows: 6.332 (Debye). These results 

indicate that this molecule is very reactive and interacts strongly with the E24-surface during 

its contact with it. The electronegativity (χ) is an important factor that explains the stability 

and chemical reactivity of a molecule. A low value of (χ) suggests that inhibitor compound 

is highly potent to donate/transfer its electron to the metal surface [57]. The TGTPAT shows 

the (χ) values of 3.368 eV. The obtained electronegativity values show that this molecule is 

a good inhibitor [58]. Hardness (η) and softness (S) are another important quantum descriptor 

for estimating molecular stability and reactivity [58]. The low value of (η) is related with 

high reactivity; higher capacity of electron donor and therefore, high inhibition efficiency 

and the converse is true for (S) [59]. The calculated hardness and softness of title compound 

by DFT method is 2.963 eV and 0.337 eV, respectively. 
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Table 6. Molecular electronic structure parameters of title molecule employing TGTPAT computed at DFT- 

B3LYP/6-311++G(d,p) computations level in aqueous phase. 

Descriptor 
DFT 

B3LYP/6-311++G(d,p) 

EHOMO (eV) –6.331 

ELUMO (eV) –0.405 

ΔEgap (eV) 5.926 

I (eV) 6.331 

A (eV) 0.405 

μ (Debye) 6.332 

χ (eV) 3.368 

η (eV) 2.963 

S (eV–1) 0.337 

ω (eV) 1.914 

ε (eV–1) 0.522 

ΔN110 0.245 

Δψ 0.177 

E (Hartree) –1601.6879 

This trend suggested that this compound is reactive and have a high absorption capacity 

on the metal surface. Similarly, the electrophilicity index (ω) and nucleophilicity index 

values (ε) for the studied compound were also computed. Lower and higher values of (ω) 

and (ε), respectively suggest that the compound is a good nucleophile (donor) and 

electrophile (acceptor), consequently a good corrosion inhibitor [60]. As shown in Table 6, 

our compound is associated with a very low electrophilicity index and high nucleophilicity 

index values regardless of the method. This reflects the higher tendency to donor-acceptor 

electrons to the E24-surface of title molecule. The values (ΔN) represent the number of 

electron donation exchanged between inhibitor to the metal surface. When ΔN > 0, and vice 

versa if ΔN < 3.6, the inhibition efficiency increases by increasing electron-donating ability 

at the E24-surface [61]. In our present study, the values of the number of electrons transferred 

of 0.245 eV was less than 3.6 indicating the tendency of this compound to donate electrons 

to the E24-surface. These results are in agreement with Lukovits’ study [61]. Now we turn 

to examine the metal/inhibitor interaction energy (Δψ) index, which is an important 

parameter in terms of investigation of the anti-corrosion capacity of our molecule [61]. Our 

results reveal a Δψ of 0.177 eV; there is indicating that TGTPAT is a good inhibitor. On the 

other hand, the total E (Hartree) specified by the DFT calculations turned out to be  

–1601.6879 a.u. Therefore, the computational study indicated that TGTPAT at the B3LYP 
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level was more stable because all the substituents are equatorial [62]. Through the above and 

based on the quantum chemical parameters obtained, it is clear that the title compound is a 

good inhibitor against the corrosion of carbon steel in a corrosive medium. 

3.6.4. Mulliken charge distribution and Molecular Electrostatic Potential (MEP) 

The Mulliken atomic charges are typically used in quantum chemical calculations to identify 

active centers in the molecule that interact with metals. It has been confirmed in a number 

of studies that the higher the negative atomic charges of the adsorbed center, the easier it is 

for the atom to donate its electron to the unoccupied orbital of the metal [63]. The Mulliken 

charges of the atoms of the title molecule are presented in Figure 13. As shown in this figure, 

the nitrogen (N) and oxygen (O) atoms, as well as C=C bonds have negative charges with 

high electron density. These atoms, therefore, behave like the nucleophilic centers when they 

interact with the unoccupied orbital of the E24-surface to form coordinate bond. Also, in 

Figure 13, The Molecular Electrostatic Potential (MEP) was studied, which provides 

important information about the low and high electron density parts present in the inhibitor 

compound. As can be seen from Figure 13, the MEP is expressed on the area of the selected 

inhibitors in different colors where the red-orange-yellow colors display the area of the 

regions with strong electron density and blue for the location with low electron density [64]. 

It can be seen in neutral form of the title molecule that most of the strong electron density 

(electron-rich regions) is concerning the O /N atoms and C=C bonds. These regions are 

believed to have the greatest ability to donate electrons on the unoccupied (d) orbitals of Fe-

atoms and therefore have higher interactions onto the Fe surface [65]. 

 
Figure 13. (a) Mulliken charges and (b) Molecular Electrostatic Potential of TGTPAT. 

(b)  

(a)  
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3.7. MD /MC modeling  

The Monte Carlo (MC) and molecular dynamics (MD) simulations were used in our current 

study to clarify the behavior of the system (single inhibitor molecule in neutral form / E24-

surface / corrosive species) and to better understand the inhibitory characteristics of the 

studied substance. The most stable (low energy) arrangement of the corrosion inhibitor 

chemical (adsorbate) on the E24-surface (substrate) may be reliably predicted using MC/MD 

simulations [66, 67]. The most stable low-energy adsorption sites are determined by running 

MC/MD simulations of the configurational space for the inhibitor compound onto the E24-

surface with various molecule-surface bond lengths, as shown in Figure 14. These 

equilibrated snapshots reveal that the suggested corrosion inhibitor is adsorbed on the Fe 

surface in neutral form, with the O/N atoms and C=C bonds oriented planarly to the metal 

surface. These sites operate as reactive sites when the inhibitor interacts with the E24 surface 

[68]. Corrosion inhibitors prevent corrosion by adsorbing on the metal surface and receiving 

electrons from the metal surface as well as donating electrons through heteroatoms / C=C 

bonds [69]. Furthermore, the title molecule’s (TGTPAT) structure appears to take the place 

of water (H2O) molecules and H3O
+/Cl- ions in a corrosive media, providing a more stable 

site on the E24-surface. Figure 15 depicts the adsorption energy distribution for the E24/ 

TGTPAT/500H2O/6H3O
+/6Cl– interface generated by MC simulation. 

 
Figure 14. Snapshots of TGTPAT over E24-surface obtained from MD / MC simulations. 

MC 

MD 
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Figure 15. Adsorption energy distribution for the (E24/TGTPAT/500H2O/6H3O
+/6Cl–) 

system obtained by the MC simulations. 

A lower adsorption energy (Eads) value suggests stronger and more spontaneous 

contacts between the inhibitor chemical and the metal surface [70]. As demonstrated in 

Figure 15, the adsorption energy of TGTPAT approaches –149 kcal/mol, indicating that 

TGTPAT has high absorption on the iron surface. The kinetics of inhibitor adsorption on 

metal surfaces may be monitored and studied using MD simulations. One way to make sure 

the components contain the least amount of energy is to keep track of any temperature 

changes that take place during the MD simulation run [45]. For equilibrium contact with a 

certain temperature requirement, the temperature distribution generated by the MD 

simulation should be limited to 5–15%. [71]. Based on the temperature graphs for the E24/ 

TGTPAT/500H2O/6H3O
+/6Cl– system calculated by MD at 293 K (Figure 16). Minor 

temperature changes during the MD simulation indicate that the run was successful, 

implying that all systems have reached their equilibrium states. 

Table 7 shows the computed and stated energy characteristics of adsorbed TGTPAT in 

the aqueous phase. It is important to note that greater and lower adsorption energy (Eads) 

values imply more stable/easier adsorption onto the E24 surface, as well as higher inhibitory 

effectiveness [72, 73]. According to Table 7, the Eads of TGTPAT is close to –4614.93 

kcal/mol in solution phases, showing that the title molecule (TGTPAT) interacts strongly 

with the iron-based layer and forms a protective adsorbed film. 
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Figure 16. Temperature equilibrium curves for E24/TGTPAT/500H2O/6H3O

+/6Cl– system by 

the MD simulations. 

Table 7. MC simulations descriptors for the adsorption of TGTPAT in aqueous phases over the E24 surface 

(all values in kcal/mol). 
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The radial distribution function (RDF) method is also used to determine the type of 

bonds (physical, chemical, or both) formed between the TGTPAT structure and iron atoms. 

Chemisorption is often utilized when the bond length value is between 1–3.5 Å, whereas 

physisorption (Van der Waals and Coulomb interactions) is typically employed when the 

bond length value is larger than 3.5 Å [49]. Figure 17 shows the RDF of the TGTPAT by 

MD trajectory. All the initial peak values for TGTPAT in solution phases are less than 3.5 Å 

(chemisorption range) (Figure 17). These are the most essential interactions of the modelled 
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structures of the title molecule on the E24-surface, revealing that the title molecule does 

indeed impede the disintegration of the tested metal. 

 
Figure 17. RDF of the TGTPAT on the E24-surface in corrosive medium. 

Conclusion 

We used stationary and transient electrochemical methods such as polarization curves and 

electrical impedance spectroscopy to test the inhibitory effect of an organic compound called 

triglycidyloxy tripropylamine triazine (TGTPAT). The main results of this study, which we 

have achieved, can be summarized as follows: 

 TGTPAT showed good positive behavior in the protection against corrosion of E24 

steel in 1 M HCl acid medium, with a maximum inhibitory efficiency of 92.11% at a 

concentration of 10–3 mol/l and a temperature of 293 K. 

 Manipulation at different temperatures (293 K to 323 K) shows that the TGTPAT 

inhibitory effectiveness decreases with increasing temperature. The polarization 

study revealed that the inhibitor is of mixed type. 

  Analysis of the derived standard free energy reveals that the adsorption on the steel 

surface is chemisorption and follows the Langmuir adsorption isotherm. 

The values and results obtained from the two techniques, namely polarization curves 

and electrochemical impedance spectroscopy as a function of the concentration of the 

inhibitor compound, show good agreement with the electronic and atomic analyses of the 

inhibitor based, respectively, on DFT calculations and molecular dynamics simulations, 

which substantiate its ability to act as a powerful anti-corrosion agent for E24 steel in 1 M 

HCl medium. 

0.99 
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